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Ontology evolutionKnowledge Organization Systems (KOSs) are extensively used in the biomedical domain to support infor-
mation sharing between software applications. KOSs are proposed covering different, but overlapping
subjects, and mappings indicate the semantic relation between concepts from two KOSs. Over time, KOSs
change as do the mappings between them. This can result from a new discovery or a revision of existing
knowledge which includes corrections of concepts or mappings. Indeed, changes affecting KOS entities
may force the underline mappings to be updated in order to ensure their reliability over time. To tackle
this open research problem, we study howmappings are affected by KOS evolution. This article presents a
detailed descriptive analysis of the impact that changes in KOS have on mappings. As a case study, we use
the ofﬁcial mappings established between SNOMED CT and ICD-9-CM from 2009 to 2011. Results high-
light factors according to which KOS changes in varying degrees inﬂuence the evolution of mappings.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Knowledge Organization Systems (KOSs) encompass all types of
schemes for organising information [1] such as terminologies,
taxonomies, classiﬁcation and ontologies. They comprise proper-
ties to make the semantics of the data explicit, and biomedical
KOSs like SNOMED CT1 (Systematized Nomenclature of Medicine-
Clinical Terms) (SCT for short) and ICD-9-CM2 (International Classi-
ﬁcation of Disease) (ICD for short) are nowadays widely used. They
have applications in epidemiology, health management, clinical
administration and biomedical and medical decision support
systems.
The ever-increasing size of the biomedical domain means that
software applications must rely on multiple KOSs to ensure opti-
mal coverage of their requirements. To cope with this issue,
semantic correspondences, i.e., mappings, are established between
various KOSs. The mappings are useful since they can support
many applications, such as semantic search services, facilitating
information indexing with multiple terminologies [2] or the inte-
gration of data from various sources [3]. Fung and Xu [4] highlight
the possibility of applications to understand heterogeneous data byinterpreting mappings that link two different KOSs. For instance,
mappings between SCT and ICD support the classiﬁcation of data
using ICD from clinical records annotated with SCT, which has var-
ious beneﬁts [4]. These examples underline the relevance of map-
pings and justify the need to keep them reliable over time.
The highly dynamic nature of medical knowledge makes fre-
quent releases of new KOS versions inevitable [5]. Consequently,
atomic and complex changes affecting KOS entities [6] can poten-
tially have a direct impact on existing mappings between these
entities and thus on the underlying software applications. In this
case, there is a clear need to update mappings every time a KOS
evolves [7–9]. A naïve approach would be to re-apply existing
matching algorithms [10] considering all entities of both aligned
KOSs each time a new version of a KOS is released, but tremendous
time and efforts are required to complete and evaluate the result-
ing mappings. Hence the need for efﬁcient approaches to keeping
mappings valid, as mentioned by Saitwal et al. [7]. In our previous
work [11] we proposed the DyKOSMap framework for maintaining
mappings at KOS evolution time. This approach is predicated on
the hypothesis that there is a correlation between changes affect-
ing KOSs’ entities and the evolution of their associated mappings.
This article aims to demonstrate through experiments the rela-
tionships between changes in entities of a biomedical KOS and the
evolution of their associated mappings. In other words, we try to
identify which KOS changes are the cause or motivation for adapt-
ing the associated mappings. The results can help to provide
empirically justiﬁed efﬁcient approaches to keep mappings valid.
The analyses conducted take the inﬂuence of changes in different
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tionships and change in neighbour concepts). We propose a means
of categorising mapping evolution to measure the impact of vari-
ous types of changes in KOS entities on categorised mappings.
The experiments explore various ofﬁcial releases of SCT and ICD
and the ofﬁcial mappings established between them.
The remainder of this article is organised as follows: Section 2
presents the related work; Section 3 presents the experimental
scenario including basic deﬁnitions, the method applied as well
as the organisation of the experiments conducted; Section 4 de-
scribes the ﬁndings on the inﬂuence of KOS evolution on mapping
evolution, while Section 5 presents the results of the analyses
regarding the correlation between different mapping change oper-
ations; Section 6 raises relevant questions and discusses future
work; ﬁnally, Section 7 offers the conclusions of the article.2. Background
Mapping maintenance is the task aiming to keep existing mappings
in an updated and valid state, reﬂecting changes affecting KOS entities
at evolution time.
Having the appropriate techniques for adapting mappings so
that they evolve over time is vital due to the increasing use of com-
bined KOSs in current biomedical systems. Recent research [7] has
highlighted the importance of reducing signiﬁcant manual efforts
associated with the maintenance of mappings needing to be up-
dated on a regular basis and has identiﬁed mapping maintenance
as a challenge. Since our hypothesis is that KOS evolution may be
the main reason for invalidating mappings, it is important to
understand and classify the different aspects of this evolution
and, therefore, search for potential impacts and correlations be-
tween KOS change types and possible changes in mappings. If such
correlations exist, they could serve as the foundation of innovative
methods and techniques for mapping maintenance.
Although signiﬁcant research efforts in the past years have dealt
with issues related to ontology evolution [12], the understanding
of how this evolution impacts dependent artefacts, such as map-
pings, has received very little attention. Recent research on ontol-
ogy change impact analysis [13] mainly concerns internal logical
inconsistencies of ontology, whereas dependent artefacts are not
taken into account. In contrast, Tang and Tang [14] have proposed
a method for evaluating ontology evolution with a speciﬁc empha-
sis on the validity of the existing mappings between ontologies. In
the method proposed they assume that only removal of axioms can
impact mappings.
Few key proposals in literature tackle ontology mapping evolu-
tion in a more automatic approach [15,16]. Martins and Silva [15]
propose evolving mappings by imitating strategies applied in
ontology evolution, but only the case of concept removal is studied.
The proposal of Khattak et al. [16] focuses on reducing the time for
re-determining mappings. They suggest identifying only those con-
cepts which have changed in the source ontology and applying
matching algorithms, only considering this subset of concepts with
respect to the entire target ontology. The precision of this approach
is highly dependent on the matching techniques selected. Both
proposals are preliminary and still insufﬁcient to adequately tackle
the mapping maintenance problem, as they do not identify possi-
ble foundations according to which KOS evolution impacts map-
pings. For instance, scenarios of complex change, such as concept
splitting, raise difﬁcult challenges in adapting mappings to make
them valid [11].
The case study in this article explores changes in the evolution
of SCT and mappings between SCT and ICD. Although there is re-
search in literature with regard to the evolution of SCT [17,18], it
does not concern this evolution’s impact on associated mappings.For instance, Gonçalves et al. [17] analyse the changes between
two ontology versions and use SCT to show the applicability of
their approach. Spackman [18] investigates rates of change in large
clinical terminologies using SCT as the object of study, although
mappings are not taken into consideration. Closely related to this
article, the work of Gross et al. [19] explores how mappings in life
sciences ontologies change. They empirically analyse which ontol-
ogy changes lead to an addition or deletion of ontology mappings.
The study also examines stability of matching techniques to iden-
tify which matchers are most inﬂuenced by ontology changes.
Using a computed mappings dataset, the study demonstrates
how ontology changes can impact mapping changes and presents
the ratio of changes in mappings according to three general catego-
ries of ontology change types.
The ﬁndings of the aforementioned study highlight the rele-
vance of this study’s quest to gain a more in-depth understanding
of how a more ﬁne-grained classiﬁcation of KOS changes would af-
fect mapping evolution, considering also real-world mapping sets
in the experiments conducted. In contrast to previous work, this
article focuses on the correlation between the way KOS elements
involved in mappings evolve and how these mappings behave over
time.3. Experimental scenario
Section 3.1 sets out the article’s ﬁnal objective and provides ba-
sic deﬁnitions. Section 3.2 presents the method used to investigate
mapping evolution. Section 3.3 describes the conducted experi-
ments as well as the used datasets.3.1. Objective and preliminaries
The objective of this work is to underline correlations between
KOS evolution and mapping evolution. To this end, a set of exper-
iments with speciﬁc objectives highlighting different levels of de-
tail analyse the evolution of mappings between SCT and ICD (cf.
Section 3.3). We only considered KOSs having several versions of
ofﬁcial mappings, and analysed the impact of the evolution of only
one KOS (in this case SCT because the richness of its model allows a
more detailed analysis). Three groups of changes in the KOS were
considered during the analysis: Addition of concepts, Modiﬁcation
of attributes, and Removal of concepts. We consider a mapping m
as a triple (s, t, r), where s is the ‘‘source concept’’ (domain) and
denotes a concept belonging to the source KOS; t is the ‘‘target
concept’’ (range) and denotes a concept from the target KOS; and
r is a relation symbol representing the type of semantic relation be-
tween s and t. The types of semantic relations considered in this
study are based on those proposed by IHTSDO: Unmappable (UN),
which means that a source concept cannot be linked to a speciﬁc
target concept; Equivalent (OO), signifying two concepts that are
semantically identical; Narrow-to-broad (NB), when the source
concept is semantically more speciﬁc than the target concept;
Broad-to-Narrow (BN), which is the opposite proposition of NB;
and Partial Overlap (PO), when there is a relation between the con-
cepts but it is not one of the previous deﬁned relations.
In the experiments, we consider the deﬁnition of KOS to be a set
of Concepts, Attributes and Relationships. Concepts are deﬁned by
a set of Attributes, and Relationships link the concepts within the
KOS. We intentionally use the words relation and relationship to
differentiate the element of a mapping from an entity of a KOS,
respectively. The type of Attributes and Relationships varies
according to the KOS model (for example, ICD has only one type
of relationship, while SCT has several). Relationships are well-
deﬁned types of semantic relationships (e.g., subsumption) linking
different concepts of the same KOS. Relationships are important
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cepts linked to a concept c1 through a direct relationship) in the
analysis.
3.2. Categorisation of mapping evolution
In order to conduct the experiments we establish a system of
categorising mapping evolution. The categories correspond to
‘‘mapping change operations’’ (MCOs) which lead to mappings evo-
lution from one released version to another. MCOs are different
from KOS change operations because they only refer to the map-
pings. For instance, one element of the mapping can change (e.g.,
the target concept was modiﬁed from concept t1 to t2 such that
these concepts have different identiﬁers) without implying that
the content (e.g., attributes) of these concepts changed in the
KOS. We aim to identify possible correlations between MCOs and
the KOS change operations which affect the source concept of map-
pings. Analysing two subsequent versions of a set of mappings
makes it possible to identify a subset of mappings which differ
from one version to another. LetMj represent the set of all existing
mappings between two different KOSs at time j. Given Mj and
Mjþ1, two successive sets of released mappings (Fig. 1), we deﬁne
Cj, the categorisation of mappings, according to the following
steps:
1. Unchanged (U). The ﬁrst step aims to identify the unchanged
mappings. These are the mappings that preserve their values
from one version to another. A mapping m = (s, t, r) is an
unchanged mapping if m 2Mj and m 2 Mjþ1.
2. Addition and Removal. The second step identiﬁes all added and
deleted mappings by comparing Mj and Mjþ1. For instance, if
a mapping is added or deleted to/from a new release of map-
pings, then this mapping is included in the respective Cj. Given
a mapping m = (s, t, r), we search for mappings that were added
or removed as follows:
 Addition (A): A given mapping m is added if m R Mj and
m 2Mjþ1.
 Removal (R): A given mapping m is removed if m 2 Mj and
m R Mjþ1.
3. Modiﬁcation. The modiﬁed mappings are identiﬁed in the third
step. They are special cases of Addition/Removal operations and
are characterised by changes in their internal elements. Given
the mappings m0 = (s, t, r), m1 = (s, t0, r), m2 = (s, t, r0) and
m3 = (s, t00, r00) such that t– t0 and t– t00 and r– r0 and r– r00,
we search for mappings that were modiﬁed as follows:
 Modiﬁcation in t (Mt): If ðm0 2Mj and m0 R Mjþ1Þ and
ðm1 R Mj and m1 2 Mjþ1Þ are fulﬁlled.
 Modiﬁcation in r (Mr): If ðm0 2Mj and m0 R Mjþ1Þ and
ðm2 R Mj and m2 2 Mjþ1Þ are fulﬁlled.
 Modiﬁcation in r and t ðMtr Þ: If ðm0 2 Mj andm0 R Mjþ1Þ and
ðm3 R Mj and m3 2 Mjþ1Þ are fulﬁlled.Fig. 1. Experiments conﬁguration.4. Isolation. The fourth step consists in selecting the changed map-
pings affected by only one KOS evolution. For the experiments,
we selected only mappings whose target concept was
unchanged over two successive releases of mappings. The mod-
iﬁed concepts are identiﬁed by calculating a simple difference
between all concepts of two successive versions of the target
KOS. We evaluate one KOS at a time in order to provide a con-
clusive analysis from the set of values that we calculate. Cases
where both KOSs evolve at the same time will require a quali-
tative analysis supervised by domain experts in order to explain
the impact of each changed concept (in the source and in the
target) on the mappings. In reality, new releases of KOSs are
published in different periods of time, but mappings are gener-
ated only once a year (in the case of SCT and ICD) several
months after the KOS evolution. Our long-term goal is to reduce
this period by providing automatic mapping maintenance as
soon as a new version of the KOS is released.
In the following we present the deﬁnition of the set of experi-
ments conducted.
3.3. Deﬁnition and organisation of the experiments
We assume that only concepts directly related to the catego-
rised mappings (i.e., source or target concepts), or those in the
neighbourhood (e.g., super-concepts, sub-concepts, siblings, etc.),
can potentially impact the evolution of mappings. We organise
the experiments according to two distinct objectives: (1) KOS–
MCO change analyses on mapping evolution and (2) MCO–MCO
change analyses on mapping evolution. It is important to note that
the nature of the experiments conducted in the ﬁrst category dif-
fers from that of the experiments conducted in the second one.
In the ﬁrst, the different types of MCOs are investigated indepen-
dently (i.e., one by one). We assume that a mapping is only inﬂu-
enced by changes in the source concept and in its related KOS
entities (attributes, relationships and hierarchical concepts). In
the second category, we wish to identify correlations between dif-
ferent MCOs. This analysis can be used to identify more complex
MCOs. Following are the main characteristics of each experiment
group:
3.3.1. KOS–MCO change analyses
A general view of mapping behaviour can allow the identiﬁca-
tion of entities that need deeper investigations. This principle
was applied to our experiments and presented in Tables 1 and 2
(general analyses). The detailed analyses were performed to better
understand the impact of each entity on the MCOs.
1. General analyses. They focus on mappings only (cf. Section 4.1).
The experiments provide an overview of the change operations
performed in the mappings without considering the potential
impacts of the KOS. These experiments were grouped into two
types:
(a) Basic analysis on explored mappings presents the absolute
values of the mappings (Table 1) and the relative values of
changes in the mappings in the MCOs categories (Table 2).Table 1
Set of analysed mappings.
C Total Unchanged Changed
C1 100,875 100,394 481
C2 101,254 100,281 973
C3 102,601 101,076 1525
Table 2
Proportion of some mapping change operations.
C A (%) #A R (%) #R Mt (%) #Mt Mr (%) #Mr Mt_r (%) #Mt_r
C1 88.4 425 11.6 56 0 0 0 0 0 0
C2 44.8 436 4.2 41 21 204 21.4 208 8.6 84
C3 91.1 1389 3.6 55 1.4 22 2.0 30 1.9 29
Fig. 2. Behaviours of Mr and Mt_r mapping change operations.
74 J.C. dos Reis et al. / Journal of Biomedical Informatics 47 (2014) 71–82We can identify the most frequent operations and whether
there are operations that never happen in order to exclude
them from the rest of the study.
(b) Analysis of mapping relations focuses on the modiﬁcations
of types of semantic relations expressed by the mappings.
We present the relative values of changes in the mappings
according to the type of relation (Table 3). The analyses of
the results give an idea of how the mappings have evolved
in recent years and show (Fig. 2) whether the KOSs tend to
be fully aligned.
2. Detailed analyses. We present the inﬂuence of KOS evolution on
mapping evolution (cf. Section 4.2). This differs from the previ-
ous analyses by taking into account the various potential types
of changes in each entity of the source KOS (e.g., in the concepts,
relationships, etc.). The goal is to observe whether changes in
the KOS entities have a direct impact on the evolution of map-
pings and eliminate those that have low or no impact. We
started with a general view of changes in the KOS entities with
regard to MCOs. It highlights the KOS’ most relevant entities,
which we will study in depth. Then, each relevant entity is ana-
lysed separately.
3.3.2. MCO–MCO change analyses
Taking into account the context of each KOS’ concept, we can
identify whether other elements (e.g., super/sub concepts and sib-
ling concepts) and KOS structural changes related to them inﬂu-
ence mapping evolution. We conducted these experiments
because many matching algorithms use structural properties to
create mappings. It would be interesting to know the exact impact
of the structural properties on the mapping evolution. The struc-
tural analysis may allow identifying more complex operations re-
lated to mappings (e.g., move or duplication of mappings) and
look for correlations with more complex changes in the KOS (e.g.,
substitution, split and merge of concepts). For this purpose, we
conduct two types of analyses: quantitative and qualitative:
1. Quantitative analysis. In this analysis we search for correlations
between MCOs and concepts sharing structural properties (cf.
Section 5.1). We investigate different combinations of MCOsTable 3
Type of semantic relations in mappings related to mapping change operations.
MCO C #C UN (%)
Unchanged C1 100,394 17.55
C2 100,281 17.73
C3 101,076 18.29
Addition C1 425 9.41
C2 436 4.35
C3 1389 3.08
Removal C1 56 8.93
C2 41 7.32
C3 55 32.72
Mt when r is C2 204 0
C3 22 0
Mr to C2 208 0
C3 30 0
Mt when Mr to C2 84 1.19
C3 29 0considering mappings that share the same target concepts
and whose source concepts have a structural relationship. A
structural relationship means that source concepts are interre-
lated through an ‘‘is_a’’ relationship or that they have sibling
concepts (i.e., they share the same super concept) (Table 10).
2. Qualitative analysis. In this analysis, we select some cases based
on the results from the previous analysis and we analyse them
in detail (cf. Section 5.2). Our objective is to observe the role
played by each KOS’ change and by the involved concepts in
the MCO. In particular, we investigate the source concept infor-
mation that mappings are related to and evaluate which of the
changes in these concepts may have triggered the need for
changes in the associated mappings, i.e., the speciﬁc features
of the changes that could explain the need to adapt the
mapping.
For this study we look for biomedical KOSs with the following
characteristics:
1. Availability of several versions of the KOS.
2. Substantial number of concepts in each KOS.
3. Availability of several versions of mappings between them.OO (%) NB (%) BN (%) PO (%)
16.82 62.64 0.67 2.32
17.13 62.09 0.73 2.32
16.76 62.49 0.58 2.20
6.11 83.76 0.72 0
26.62 68.57 0.23 0.23
5.16 91.50 0.13 0.07
41.07 50 0 0
39.03 51.22 2.43 0
25.45 41.81 0 0
0 100 0 0
15 85 0 0
90.45 8.55 1 0
83.87 16.13 0 0
70.23 26 2.4 0
86.20 13.8 0 0
Table 4
Changes in SCT entities correlated to mapping change operations.
MCO C Concept
(%)
Descriptions
(%)
Relationships
(%)
Neighbours
(%)
U C1 0.06 0.25 6.75 1.71
C2 0.02 0.12 3 1.17
C3 0.03 0.11 3.34 1.38
A C1 100 100 100 12.93
C2 100 100 100 20.87
C3 66.18 66.18 66.5 28
R C1 98.22 98.18 100 39.2
C2 100 100 100 43.9
C3 83.64 83.64 100 47.27
Mt C2 1.4 1.4 4.7 0.47
C3 0 0 10 5
Mr C2 0.5 0.5 10 3.51
C3 0 0 0 0
Mt_r C2 1.2 1.2 4.7 2.38
C3 0 0 3.45 3.45
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(ICD).4 The SCT model relies on three main entities: Concepts,
Descriptions and Relationships. Concepts are identiﬁed by a unique
identiﬁer and have attributes such as name and status. Concepts
are never removed, but their status can be set to active or inactive.
Each concept may be associated with a set of descriptions and rela-
tionships. Descriptions are special attributes and are composed of
sets of terms that textually describe the concepts. Their type denotes
either a preferred term or a synonym, and their associated status fol-
lows the same categorisation as in the case of concepts. As for Con-
cepts, Descriptions are never removed, but their status can change. It
is important to emphasise that Descriptions are independent entities
related to concepts.
The ICD model is composed of a pre-deﬁned hierarchical struc-
ture including Chapters, Blocks and Codes. Chapters are the most
general level of organisation. Blocks always belong to a Chapter,
and Codes are identiﬁed by a unique numerical identiﬁer belonging
to a unique Block and Chapter. There are no explicit relationships
between concepts from ICD, and mappings are always interrelated
with the Codes level.
We use SCT as the source KOS and ICD as the target. According
to the adopted deﬁnition of mapping, the source concept is a con-
cept in the SCT while the target concept is a concept belonging to
ICD. For instance, concept code ‘123714004’ with the name ‘Ventric-
ular septal defect, spontaneous closure (disorder)’ in SCT is mapped to
concept code ‘745.4’ with the name ‘Ventricular septal defect’ in ICD.
This mapping has the relation type NB, i.e., the concept in SCT is
considered semantically less general than the concept in ICD. For
the experiments, we selected six different KOS versions (i.e., four
different versions of SCT and two different versions of ICD). We
also selected four ofﬁcial versions of mappings (provided by
IHTSDO) between these KOS (as illustrated in Fig. 1). The released
versions of SCT used to determine each Mj are: January/2010 for
M1, July/2010 forM2, January/2011 forM3 and July/2011 forM4.4. Results of the KOS–MCO change analyses
In this Section we ﬁrst present the general analysis conducted
on mapping evolution (Section 4.1) followed by the detailed empir-
ical results (Section 4.2).3 http://www.nlm.nih.gov/research/umls/licensedcontent/snomedctarchive.html.
4 http://www.cdc.gov/nchs/icd/icd9cm.htm.4.1. General observations on mapping evolution
The following experiments aim to provide an initial overview of
mapping evolution. We started with a basic analysis of the catego-
rised mappings and then conducted an analysis of the mapping
relations.
4.1.1. Basic analysis of explored mappings
We perform this analysis in order to gain an overview of the
dataset and evaluate whether mappings authors really need auto-
matic methods and tools to support mappings maintenance activ-
ities. The absolute and relative quantity of the categorised
mappings are presented in Tables 1 and 2. The MCOs considered
are: Unchanged (U), Addition (A), Removal (R), Modiﬁcation in t
(Mt), Modiﬁcation in r (Mr) and Modiﬁcation in t and r (Mt_r). Four
sets of mappings were analysed. From each couple of subsequent
mapping versions, the sets of Ci were calculated according to the
rules described in Section 3.2.
Table 1 presents total changed and unchanged mappings over
Ci: C1 with 100,875 mappings, C2 with 101,254 mappings, and C3
with 102,601 mappings. Changed mappings are all those affected
by the MCOs: A, R, Mt, Mr and Mt_r. Although unchanged mappings
represent 99.10% of the total quantity of mappings, the quantity of
mappings that require changes is still substantial, and automatic
tools that reduce this laborious human task are fully justiﬁed.
The results obtained show expressive growth in the quantity of
mappings changed during the analysed period. This growth tends
to continue with the increasing size of SCT and ICD.
Table 2 shows the proportions of changed mappings to each
mapping change operation. This is the ratio between the quantities
of mappings categorised with a determined mapping change oper-
ation divided by total changed mappings in C (cf. Table 1). Modiﬁ-
cations were ﬁrst observed in M3 (and included in C2), where the
three types of modiﬁcations (Mt, Mr and Mt_r) account for 51% of
the mappings in C2. One potential explanation can be that C2 was
calculated after the evolution of ICD and SCT. Even applying our
algorithm to exclude mappings related to concepts that changed
in the target KOS, it is possible to have an indirect impact of these
KOS changes into the other mappings. For instance, if a sub-con-
cept is added to ICD, the relation of the existing mapping can
change. A qualitative analysis of both KOS is necessary to under-
stand well the mapping evolution.
4.1.2. Analysis of mapping relations
We study the evolution of the semantic relations of mappings,
i.e., we analyse the MCOs according to the nature of the semantic
relation between the source and target concepts. We expect to ob-
serve whether the evolution of the KOSs tend to increase their
‘‘harmony’’ (i.e., OO mappings are increasing) or their specialisa-
tion (i.e., relation of type NB is predominant). The harmony be-
tween two KOSs is obtained when they agree on the deﬁnition of
a speciﬁc concept. From the mappings side, it implies they can
be added, removed but not modiﬁed if the source and target con-
cepts do not change. With the analysis of relations, we also seek
to identify situations in which the relations were impacted by
the KOS evolution.
Table 3 shows, for each MCO, the frequency of the relations
used by the mappings in Ci. The numbers in Table 3 represent
the quantity of mappings with a speciﬁc relation for one operation
divided by the total of mappings from Ci. For instance, the number
17.55 means that 17.55% of the unchanged mappings from C1 have
the relation type UN. Fig. 2 presents the behaviour of the modiﬁca-
tion of semantic relations for the most representative modiﬁca-
tions (Mr and Mt_r). We analyse the absolute counts of the
relation type before and after evolution considering all possible
combinations of modiﬁcation.
Table 5
Types of changes in concepts with regard to mapping change operations.
MCO C Addition
(%)
Status change
(%)
Minor change
(%)
Unchanged
(%)
U C1 0 0 0.06 99.94
C2 0 0 0.02 99.98
C3 0 0 0.03 99.97
A C1 98.82 0.94 0.24 0
C2 99.54 0.46 0 0
C3 66.03 0.15 0 33.82
R C1 0 98.22 0 1.78
C2 0 100 0 0
C3 0 83.64 0 16.36
Mt C2 0 0 1.4 98.6
C3 0 0 0 100
Mr C2 0 0.5 0 99.5
C3 0 0 0 100
Mt_r C2 0 0 1.2 98.8
C3 0 0 0 100
Table 6
Concepts’ status changes related to mapping change operations.
MCO C Before evolution (%) After evolution (%)
1 0 1 2 0 1 2 4 5
U C1 0 99.80 0.08 0.12 99.80 0.08 0.12 0 0
C2 0 99.78 0.14 0.08 99.78 0.14 0.08 0 0
C3 0 99.85 0.07 0.06 99.85 0.07 0.06 0 0
A C1 98.82 0.24 0.24 0.7 100 0 0 0 0
C2 99.54 0 0 0.46 100 0 0 0 0
C3 66.03 33.67 0 0.15 100 0 0 0 0
R C1 0 100 0 0 1.78 0 62.6 35.71 0
C2 0 100 0 0 0 0 73.17 26.83 0
C3 0 100 0 0 16.36 9.1 40 27.27 7.27
Mt C2 0 100 0 0 100 0 0 0 0
C3 0 100 0 0 100 0 0 0 0
Mr C2 0 99.5 0 0.5 100 0 0 0 0
C3 0 100 0 0 100 0 0 0 0
Mt_r C2 0 100 0 0 100 0 0 0 0
C3 0 100 0 0 100 0 0 0 0
Table 7
Concepts’ descriptions changes related to mapping change operations.
MCO C Addition (%) Change of status (%) Unchanged (%)
Active Active Inactive
U C1 0.13 0.09 0.14 99.92
C2 0.04 0.03 0.09 99.96
C3 0.09 0.01 0.06 99.97
A C1 99.05 0.94 0.23 1.17
C2 99.77 0.46 0 0
C3 66.18 0.15 0 33.81
R C1 0 0 98.2 23.21
C2 0 0 100 19.51
C3 0 0 86.63 20
Mt C2 1.5 1.5 0 98.5
C3 0 0 0 100
Mr C2 0 0 0.5 100
C3 0 0 0 100
Mt_r C2 1.2 0 1.2 98.8
C3 0 0 0 100
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decreased signiﬁcantly for mappings added during the analysed
period, and the number of mappings of this same relation type
had increased for removed mappings. This can reveal a conver-
gence between the KOSs. However, it does not indicate that both
KOSs evolve in the same way. Observing that existing mappings
tend not to change when SCT is less general than ICD (60% un-
change), and that mappings with NB relation are most frequently
added than removed, while those with relation type OO are more
frequently removed than added, we can potentially conclude that
SCT evolve faster and tend to be more specialised than ICD.
On the other hand, when observing how the relation of the
mappings evolve (cf. Fig. 2), we note the inverse phenomenon
(changes from NB to OO are more frequent). This preliminary anal-
ysis could not explain the modiﬁcations in the mapping relation,
which can potentially come from the impact of KOS changes in
the ICD. This hypothesis derives from the number of relation mod-
iﬁcations after changing the version of ICD (from 2009 to 2010),
indicated in the line C2 of Table 2. Nevertheless, deeper analyses
of the mapping relations, the KOS and the context are necessary
in order to better understand this phenomenon.4.2. The inﬂuence of KOS evolution on mapping evolution
The objective of the following experiments is to evaluate how
changes affecting the source entities impact on associated map-
pings. For instance, we observe the behaviours of mappings when
a concept is deleted from the KOS or when an attribute is added to
a concept. We aim to identify a correlation between KOS changes
and mappings evolution. To do so, we compare the MCOs with
the changes in the source KOS. We consider only concepts belong-
ing to the source KOS (i.e., the set of source concepts of mappings)
and the set of concepts explored in the experiments is a subset of
the SCT concepts. In the experiments we consider the inﬂuence of
Concepts (only those that have a mappings associated), Descrip-
tions, Relationships and Neighbourhood.
The entities are selected to evaluate potential impact on map-
pings change, not only due to a source concept change, but possibly
to a change in different KOS entities, for instance, a connected rela-
tionship. Moreover, the different types of change related to the KOS
entities are taken into consideration. We individually investigated
each type of change in the KOS to better evaluate its potential im-
pact on mappings.
In the following experiments we started by observing the inﬂu-
ence of KOS entity changes on mappings. Note that we only deter-
mined if KOS entities changed, not how. Based on the results
obtained (Table 4), further experiments were conducted to mea-
sure in greater detail the impact of different aspects of changes
in KOS entities.
We further considered the inﬂuence of different types of
changes affecting the source concept: a change in attributes or
the addition of a concept (Table 5), a change of status (Table 6), a
change in descriptions (Table 7), a change in relationships (Table 8),
and ﬁnally a change in the neighbourhood (Table 9).4.2.1. Analysis of the KOS entities
In this analysis we considered changes affecting one of the
source KOS entities (see Table 4). Each column corresponds to an
entity (Concept, Descriptions, Relationships and Neighbours). Note
that the analysis of changes in source concepts and neighbour con-
cepts does not include changes in their descriptions, which are
considered distinct elements. In Table 4, the numbers represent a
percentage of total mappings for each MCO. For instance, 0.06%
represents the ratio of all unchangedmappings in which the source
concept has changed (e.g., in the attributes). In other words, in
1.71% of the unchanged mappings some neighbour concept of the
Table 8
Concepts’ relationships changes correlated to mapping change operations.
MCO C Addition (%) Removal (%) Unchanged (%)
Super Sub Other Super Sub Other Super Sub Other
U C1 1.56 1 3.93 1.38 0.79 4.86 99.60 31.50 95.47
C2 1.01 0.83 1.75 0.8 0.36 1.93 99.78 31.33 95.91
C3 1 0.92 2.18 0.84 0.41 2.29 99.83 31.51 96.18
A C1 100 25.4 97.4 1.18 0 1.18 0 0 0
C2 100 29.35 99.7 0.45 0 0.45 0 0 0
C3 66.33 16 66.4 0.14 0 0.29 0 0 0
R C1 100 0 100 100 34 100 0 0 0
C2 100 0 100 100 29.27 100 0 0 0
C3 83.63 0 83.63 83.63 16.36 83.63 0 0 0
Mt C2 1.4 0.94 3.75 0 0 2.34 98.61 36.43 95.87
C3 0 5 0 0 10 0 100 100 100
Mr C2 0.5 2.51 5.02 0.5 2.51 5.52 99.58 36.54 96.45
C3 0 0 0 0 0 0 100 100 100
Mt_r C2 1.2 0 1.2 1.2 0 3.57 98.86 36.28 97.28
C3 0 3.45 0 0 0 0 100 100 100
Table 9
Neighbour concepts changes correlated to mapping change operations.
MCO C Addition (%) Change of status (%) Unchanged (%)
Active Inactive Active Inactive
U C1 0.89 0 0.69 0.18 100
C2 1.08 0 0.05 0.03 100
C3 1.26 0 0.09 0.07 100
A C1 9.4 0 1.65 1.88 99.5
C2 19.2 0 0.23 1.83 100
C3 26.11 0 1.58 1.22 100
R C1 14.28 0 8.92 21.42 100
C2 17.07 0 4.87 26.83 100
C3 30.90 0 10.90 29.09 100
Mt C2 0 0 0.47 0 100
C3 5 0 5 0 100
Mr C2 2.51 0 1 0 100
C3 0 0 0 0 100
Mt_r C2 1.2 0 0 1.2 100
C3 3.45 0 0 0 100
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eral changes at the same time, for instance, a concept can be ‘‘de-
leted’’ and also have its relationships deleted. In this case, the
same concept will be counted in two different columns (e.g., Con-
cept and Relationship). For the purposes of representing the data
visually we decided to not normalise the values. The sum of the rel-
ative values is therefore not necessarily 100%.
The results show that changes in KOS entities may have no ef-
fect on the mappings. However, these exceptional cases are rare
and require a case-by-case analysis. This can be attributable, for in-
stance, to minor corrections in the text (e.g., adding an ‘‘s’’ to the
end of a name or a capital letter) in the cases of Concepts and
Descriptions, or the addition of a new relationship (implying a
new neighbour). The case-by-case analysis of these situations is
beyond the scope of this article.
Modiﬁcations in the semantic relation of mappings between
KOSs have been performed without observing changes in the KOS
entities. For instance, according to Table 2, in C3, 2% of mappings
change had their relation modiﬁed, but in Table 4 (cf. row Mr in
C3) these modiﬁcations were not associated with changes in the
KOS. The results obtained so far did not allow any precise explana-
tion about these observations. We can imagine that improvementsin mappings from one release to another, or changes in the ICD, are
potentially the origin of mapping relation modiﬁcations. Table 4
shows clearly that adding or removing mappings is frequently
associated with changes in the source concepts, as well as in con-
cepts’ descriptions and relationships. For instance, in the row Addi-
tion and C1, all concepts from the source of the mappings changed
somehow. This fact drove us to deepen the analysis for each type of
change in the source concept. Observation of the changes in neigh-
bour concepts indicates that these have the lowest rate of change,
but they can potentially be used to improve the precision of an ap-
proach for mapping maintenance.4.2.2. The inﬂuence of changes on concepts
The objective of these experiments is to highlight correlations
between different types of changes affecting the source concept
and the MCO. For this purpose, we provide two different analyses.
First, we investigate the types of change in concepts according to
the taxonomy of concept changes proposed in SCT (Table 5). Sec-
ond, we focus on status change as a speciﬁc type of change in
the concepts (Table 6).
The types of change analysed, as shown in Table 5 are: Addition,
Status change, Minor change and Unchanged. Addition represents a
new concept added to the KOS; Status change means that the attri-
bute status of the concept has changed; Minor change means that
the concept was affected by a small change in its name. Changes
in the label occur when the text used to name the concept is mod-
iﬁed. In this analysis we also include the type Unchanged to repre-
sent a source concept that has not been changed at all.
The results obtained are shown in Table 5. The numbers in this
table represent the ratio of MCOs that are associated with one spe-
ciﬁc type of concept change. For instance, 98.82% of added map-
pings are associated with a new concept added to the KOS.
There is a strong correlation between mappings that are re-
moved and changes in concepts’ status, which deserves more in-
depth study. Moreover, a mapping is normally added after a source
concept is added (in at least 99.54% of the cases). If, from one side,
these results show a strong correlation between the addition of
concepts and the additions of mappings, from another side, they
did not explain why Mt, Mr and Mt_r MCOs are (in most cases)
not correlated to changes in source concepts. A case-by-case study
is necessary.
In order to show correlations between MCOs and the status of
the source concepts, we compare the value of the status of each
concept before and after the KOS evolution. We aim at identifying
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of a mistake in the previous version of the KOS (e.g., ambiguous,
etc.). We search for possible inﬂuences that a status change in
the source concept can have on changes in the mappings. Follow-
ing are the types of status that can be assigned to a concept in SCT:
‘‘non-existent’’ (1), ‘‘current’’ (0), ‘‘inactive with no reason given’’
(1), ‘‘duplicated’’ (2), ‘‘outdated’’ (3), ‘‘ambiguous’’ (4), ‘‘erroneous’’
(5), ‘‘limited’’ (6). The non-existent status is to accommodate those
concepts that are added in a later KOS version. The statuses from 1
to 6 compose the inactive group, and only the reason for the inac-
tivation differentiates them. As the removal of a concept does not
exist in SCT, in the analysis we considered that all inactive statuses
correspond to a concept removal operation. For the purposes of
displaying the data, the numbers corresponding to the statuses
are used in Table 6. This table illustrates only statuses whose value
is not always 0%. For instance, for all concepts analysed before evo-
lution, status 4 (ambiguous) was not found and is therefore not
shown in Table 6. The numbers in this table represent a percentage
of total source concepts of each type of MCO that have a given sta-
tus. For instance, 98.82% of added mappings are associated with
concepts whose status before evolution was non-existent (1),
whereas 100% of added mappings are associated with active con-
cepts (i.e., after KOS evolution, these mappings’ source concepts
have the current status).
Considering unchanged mappings, the status of source concepts
remains the same before and after evolution, conﬁrming that there
is a strong correlation between the changes in the concept status
and changes in the mappings. As expected, an addition of map-
pings is always done between active concepts. However, they are
not limited to new concepts. In the row Addition and C3, it can
be observed that 33.67% of the source concepts underwent no sta-
tus change. Equivalent conclusions can be drawn from mappings
removal. They are always removed from active concepts, but the
concepts are not always assigned as inactive in the next KOS
version.
The impact of changes on concept status is inexpressive (or
null) for the three MCOs regarding modiﬁcation of mappings: Mt,
Mr andMt_r. In the following, we analyse the changes in source con-
cepts’ descriptions.
4.2.3. Analysing concepts’ descriptions
Since concepts’ descriptions are linked to a concept (i.e., they
are not attributes of the concept entities), we analyse them sepa-
rately to ﬁnd correlations between MCOs and changes in the
descriptions of the source concept. We assume that attributes of
concepts are important for establishing semantic correspondences
between concepts and we aim to measure this importance by ver-
ifying whether mappings are sensible to changes in the attributes.
For this purpose, we analyse Addition of descriptions (when a new
description is added, with an active or inactive state), Change of
status (to active state or to inactive state) and Unchanged. The
numbers in Table 7 represent the ratio of total mappings of each
MCO for which the source concepts’ description underwent a spe-
ciﬁc change. For instance, 99.05% of added mappings have at least
one newly added active description. In the mappings analysed we
did not observe any addition of inactive descriptions; therefore, we
decided to exclude the ‘‘inactive’’ table column for the added
descriptions.
A concept can have a set of descriptions. Each description is
considered independently from the others. Therefore, it is possible
to ﬁnd situations where there is more than one type of change in
the same description set at the same time. This explains why the
sum of the numbers in the rows of Table 7 is not necessarily
100%. For example, in the row Removal and C1, 98.2% of the source
concepts of the removed mappings have at least one description
that changed. In the same row, but in the next column(Unchanged%), we see that 23.21% of removed mappings have at
least one description that did not change. These two columns are
not complementary because one concept can have several associ-
ated descriptions, and there are cases in which a subset of descrip-
tions has changed while another subset has not.
Observing unchanged mappings, there were few cases in which
there was no change in the descriptions. Added mappings are fre-
quently related to the addition of descriptions. There is a correla-
tion between additions of descriptions and addition of mappings.
Since it is impossible to remove descriptions in SCT, when a
description needs to be updated, one possibility is to set its status
to inactive and create a new description. These two operations may
explain why some descriptions changed to inactive (0.23%) when
mappings were added. Furthermore, the results indicate a strong
correlation between removal of mappings and changes in the sta-
tus of the descriptions to inactive (94.94% on average).
4.2.4. Inﬂuence of changes in concepts’ relationships
We analyse whether information collected from a KOS’s struc-
ture can be used to determine how mappings evolve. The objective
is to investigate how changes affecting the relationships connected
to the source concept of the mappings analysed can have an inﬂu-
ence on how these mappings change.
We consider three types of relationships between the source
concept and another concept belonging to SCT (i.e., within the
same KOS): (1) ‘‘Super’’ relationships, those of type is_a that link
the source concept with its ‘‘super concept(s)’’ such that the source
concept is the domain in the relationships; ‘‘Sub’’ relationships, the
inverse of the previous one; and ‘‘Other’’ relationships representing
all other types of relationships other than is_a in which the source
concept of mappings is the domain or range of the relationship.
We take three types of changes in concepts’ relationships (Addi-
tion, Removal and Unchanged) into consideration, each repre-
sented by a column in the Table 8. Nevertheless, unlike for
concepts and descriptions in SCT, there is no different status for
relationships. As a consequence, relationships are added or re-
moved, and we consider the removal of relationships to be a partic-
ular type of change. Moreover, in SCT there are various ‘‘concepts of
control’’, which have an impact on the analysis of changes in rela-
tionships. They are used to assess relationships according to
changes in concepts. For instance, when a concept is set as inactive,
the set of relationships associated with this concept is removed,
and other relationships to the ‘‘control’’ concept are created to
avoid anomalies in the structures of SCT. For this reason, when
analysing the values in Table 8, it is necessary to consider that
the removal of a mapping triggered by the inactivation of a concept
will lead to both the removal and addition of relationships (at the
same time). The values presented in Table 8 are the ratio of each
MCO that has the speciﬁc change in the relationship of the source
concepts in relation to the total of each MCO. One speciﬁc change
in the relationship (e.g., Addition) has three subgroups of values
(i.e., ‘‘Super’’,’’Sub’’ and ‘‘Other’’). For instance, 66.33% of the map-
pings’ source concept added has at least one new relationship
added with a super concept. Each type of relationship is analysed
independently.
The conducted analysis considering how changes in the rela-
tionships affect the MCOs is described separately:
 ‘‘Super’’ relationships: When the majority of the ‘‘Super’’ relation-
ships of source concepts remain unchanged, mappings also
remain unchanged. As showed in Table 8, in most cases the
addition of ‘‘Super’’ relationships is correlated to the addition
of mappings. Only in few insigniﬁcant cases can the addition
of mappings be correlated to the removal of ‘‘Super’’ relation-
ships. The ratio of addition and removal of ‘‘Super’’ relationships
is equal when mappings are removed. As explained before, the
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results reveal that addition of ‘‘Super’’ relationships inﬂuences
the addition of mappings. However, as already noted in the
analysis of descriptions, the addition of relationships can also
be triggered by the addition of concepts.
 ‘‘Sub’’ relationships: The addition of ‘‘Sub’’ relationships is not
observed when mappings are removed, while the removal of
‘‘Sub’’ is not observed when mappings are added. The values
are attributable to the inactivation of a concept (which causes
the removal of ‘‘Sub’’ relationships) or by the addition of new
concepts (which can lead to the addition of ‘‘Sub’’ relationships).
However, there is no clear correlation between ‘‘Sub’’ relation-
ships and MCO. The impact of changes on ‘‘Sub’’ relationships
is inexpressive for the unchanged and modiﬁed mappings
categories.
 ‘‘Other’’ relationships: They behave similarly to ‘‘Super’’
relationships.
4.2.5. The inﬂuence of neighbour concepts
We observe possible impacts of changes in neighbour concepts
on the MCOs. We refer to this as ‘indirect impact’. We search for
correlations between changes in the mappings and other compo-
nents of the KOS that are not directly related to the mappings.
We analysed neighbour concepts in a way similar to the strategy
used for analysing source concepts’ descriptions. Therefore, we
analysed ‘‘Addition’’ and ‘‘Change of status’’ with regard to the nat-
ure of their status: ‘‘Active’’ or ‘‘Inactive’’, and ‘‘Unchanged’’ neigh-
bour concepts. Each type of change is analysed independently,
since similarly to relationships, one source concept can have sev-
eral neighbour concepts. Consequently, different changes may oc-
cur at the same time. Table 9 represents the ratio of each MCO
that experienced the speciﬁc change in the source concept neigh-
bours over the total of each MCO. For instance, 0.89% of source con-
cepts of unchanged mappings have at least one neighbour concept
added and active.
The results indicate that there is not a strong correlation be-
tween changes affecting neighbour concepts and MCOs. The Un-
changed (%) column indicates that at least one neighbour did not
change when the mappings changed and when the mappings re-
mained unchanged.
Although unchanged neighbour concepts are the most frequent
case, which seems to have no effect, further investigation is re-
quired to study the context in more detail. These results prompted
us to investigate other possible inﬂuences of the context of the
source concept on mapping evolution. We feel a more thorough
analysis is necessary to better identify different situations in which
context has an inﬂuence, e.g., sibling concepts; this is not covered
in the present experiments.5. Results of the MCO–MCO change analyses
In this Section we present the MCO–MCO experimental analy-
ses conducted which includes a quantitative analysis (Section
5.1) followed by a qualitative discussion of particular cases
(Section 5.2).
5.1. Quantitative analysis
We investigate here the correlations between MCOs and con-
cepts sharing structural properties. The performed experiments
aim to identify possible inﬂuence of the context (concepts sharing
structural properties) of the source concept on mapping evolution.
It is possible to have situations where mappings may be changed
due to a combination of KOS changes, regardless of whether there
is some kind of inﬂuence (dependence) between them. For in-stance, one concept’s attribute modiﬁed plus one new concept
led to a change in the source concept of the mapping. In this anal-
ysis we are interested only in observations about the behaviour of
couples of mappings. In particular, we search for correlations be-
tweenMCOs involving twomappings. These mappings might share
equal and unchanged target concepts, and their source concepts
must share structural properties. We observed concepts having
an is_a relationship between them and sibling concepts in the
sense that they share a ‘‘Super’’ concept. The proposition is to
understand how KOS changes affecting concepts with these kinds
of structural relationships may inﬂuence the evolution of associ-
ated mapping between the concepts involved. We consider differ-
ent combinations of MCOs to assess which situations they occur in
and observe whether there is a ‘‘pattern of change’’.
5.1.1. Procedure
Based on the categorised sets of mappings Cj, we deﬁne
C0j ¼ Cj n fU [Mt [Mt rg. For each different target concept of map-
pings in C0j we determine three different sets of mappings which
must share the same target concept. The ‘‘Added’’ (A0) set is made
of new mappings having the considered target concept; the ‘‘Re-
moved’’ (R0) set contains the removed mappings; and the ‘‘Modiﬁed
relation’’ (Mr0) represents mappings whose relation has changed.
After selecting the mappings for each of these sets, we searched
for the possible structural relationships between two different
source concepts of mappings belonging to two distinct sets. The
possible combinations of source concepts tested is calculated
according to a Cartesian product of said sets of mappings: compar-
ing different mappings of equal sets (ﬁrst group), A0  A0, R0  R0
and M0r M0r; or considering different sets (second group),
R0  A0;R0 M0r;A0 M0r . In these combinations, all source concepts
of one set are compared to all different source concepts of the other
set to identify the structural relationships between them. When
comparing equal sets we do not consider equivalent concepts.
We conducted this procedure considering all C0j, and we grouped
the results for the entire period considered; these are shown in
Table 10.
5.1.2. Results
Table 10 shows the results linking the structural properties and
the combination of equal/different sets of MCO. Considering the
ﬁrst group, 522 distinct cases with regard to the three sets of Cj
analysed were found, while in the second group we found a total
of 18 distinct cases. The numbers in Table 10 represent the per-
centage of cases found in the different combinations with regard
to total cases. For instance, in the combination of equal sets,
84.5% of the cases found were in the combination A0  A0 with sib-
ling relationships. The percentages are calculated independently
for each distinct group of analysis.
Analysing the results for the ﬁrst group, in most of the cases sib-
lings concepts are found when mappings are added A0  A0 com-
pared to the other combinations of this group. This indicates that
there are cases where, when two new mappings are added such
that m1 = (s1, r1, t) and m2 = (s2, r2, t), s1 and s2 are sibling concepts.
Few cases with respect to parent relationships are found (6.7%).
Considering the previous m1 and m2 mappings, in these cases s1
is the ‘‘Super’’ concept of s2. This percentage is higher than those
of the combination R0  R0. In this combination, both types of struc-
tural properties have a slightly higher percentage for the type sib-
lings. The results reveal few cases where only the super/sub
(parent) concept property is found when analysing Mr mappings
M0r M0r .
An analysis of the results of the second group reveals no cases
for the parent structural property. All cases concern the sibling
structural property, and most of them belong to R0  A0, while no
case was found when analysing R0 M0r , and only a few were
Table 10
Correlations between mapping change operations and concepts sharing structural properties.
Structural property Combination of equal sets of operations (%) Combination of different sets of operations (%)
A0  A0 R0  R0 M0r M0r A0 M0r R0 M0r R0  A0
Siblings 84.5 5.53 0 16.6 0 81.4
Parent 6.7 2.87 0.4 0 0 0
Fig. 3. Analysis of resulting cases of mappings of different sets A0 M0r
 
.
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cases, we provide a more ﬁne-grained analysis considering the dif-
ferent combination sets R0  A0 and A0 M0r , which represent the
most noteworthy cases of this study.
A deeper analysis of the behaviour of added and modiﬁed map-
pings sharing equal target concepts A0 M0r
 
shows a well-deﬁned
transition of relations in mappings. Fig. 3 provides scenarios pre-
senting the status of concepts and mappings before and after
KOS evolution. Concepts a, b, c and d were used with a, b and c
belonging to KOSA, and d belonging to KOSB. Before evolution
Fig. 3(a) concept b is mapped to concept d with an NB relation.
After evolution Fig. 3(b) a new concept c is added (a concept sibling
of b) and mapped to d with a relation r. In a third of the cases of
A0 M0r ; r is of type OO, and in two-thirds of the cases r is of NB
type. When analysing the b concept, we notice that this concept
had minor changes (e.g., one description changed), and the map-
ping between b and d also changed. The value of r changed from
NB to OO. We assume that the new mapping (c, r, d) is the conse-
quence of adding the new concept c. However, further investiga-
tion is perhaps warranted to understand the reasons why the
mapping (b, NB, d) changed its r value to OO. One possible explana-
tion is that the mapping was strongly connected to the description
that was modiﬁed. Thus, after evolution, NB is changed to OO in or-
der to keep the semantic correspondence between b to d as valid.
We analyse cases of (R0  A0), the most frequent in the second
group. Fig. 4 presents two scenarios considering the concepts a,
b, c and d (where only d belongs to a different KOS) before and after
evolution of KOSA. Fig. 4(a) shows the scenario before evolution
where the concept b is mapped to d through relation r1. After evo-
lution, modiﬁcations affecting concepts and mappings are shown
in Fig. 4(b). We notice that concept b is set to inactive and the map-
ping (b, r1, d) is removed. The new concept c is mapped to d with
the relation r2. We found many cases where r1 and r2 were differ-
ent. Among the 81.4% of (R0  A0), in 13.3% of cases the relations r1
and r2 were of the type UN; in 13.3% of the cases r1 and r2 are OO;Fig. 4. Analysis of resulting cases of mappings of different sets (R0  A0).in 26.6% they are of the type NB; and in 26.6% of cases, r1 is OO
while r2 is NB. The remaining cases, representing 20.2%, are excep-
tional cases where concepts b and c are unchanged while the map-
pings are removed and added as in Fig. 4(b). In these situations,
there are also cases where r1 and r2 have distinct types. We can
imagine that these are typical cases where mappings are curated
by experts.
Considering the cases in Fig. 4, it is hard to identify direct cor-
relations between changes in concepts and changes in mappings,
as in the cases studied, concepts had the same change status, while
mappings of different relation types were removed and created. It
seems that further analysis of not only change in a concept’s status
but also detailed KOS changes is necessary to better understand
the evolution of mappings. This is what prompted the analysis pre-
sented in the following section. In the case where r1– r2 and b and
c are sibling concepts, we must understand why they have differ-
ent types of semantic relation, knowing that they are siblings.
5.2. Qualitative analysis
After obtaining the previous results, we chose to devote this sec-
tion to a qualitative analysis explaining some relevant cases.We se-
lect some cases of R0  A0 and analyse the content of the concepts
involved, along with the changes affecting them. This analysis aims
to explore the existing relations between the changes affecting sib-
ling concepts. For instance, we evaluate the content of a concept be-
fore and after the applied changes and searched for information that
was transferred fromone concept to another. These experiments at-
tempt to identify with precision which context content could be
used to establish themappings.Wehighlightwhether themappings
follow the related content after evolution. This analysis shows the
role played by each concept involved and the details of the changes
that occurred in the MCOs. Given their representativeness, four
cases were selected and are described in the following:
Case 1. In this scenario, before SCT evolution, a concept is named
‘Primary malignant neoplasm of intrahepatic bile ducts (disorder)’,
and there is a mapping of type OO that links this concept with the
ICD concept named ‘Malignant neoplasm of Intrahepatic bile ducts’.
Analysing the names, we found a partial match (one is a substring
of the other). After evolution, the status of the SCT concept changed
to ambiguous (i.e., it is no longer active), but a new active and
sibling concept is added in SCT. We observed that this new sibling
concept has the same name as the inactive concept in SCT. In this
case, the type OO mapping that linked the inactive concept in SCT
with the ICD concept is now linking the new sibling concept with
the same target ICD concept and with the same relation type (i.e.,
OO). This case shows that a substitution of concepts occurred and
that the associated mapping was transferred to the new sibling
concept while maintaining the same type of semantic relation.Case 2. Before evolution, a concept from SCT has the name ‘High
density lipoid deﬁciency (disorder)’ and is equivalent to the ICD con-
cept named ‘Lipoprotein deﬁciencies’. Note that there is a certain
degree of similarity between both names, although it is not an
exact match. After evolution, the status of the SCT concept changed
to ambiguous (i.e., it is no longer active), but a new active and
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concept is slightly different from the latter concept: ‘High density
Lipoprotein deﬁciency (disorder)’. The descriptions also changed.
We observe that the mapping evolves as in Case 1, i.e., it keeps
the same relation type (OO) and links the new concept with the
same target concept in ICD. This case also indicates a substitution
of concepts in SCT, and the associated mapping was transferred to
the new sibling concept while maintaining the same type of
semantic relation.Case 3. Before evolution, the SCT concept named ‘Cutaneous
histiocytoma (disorder)’ is deﬁned as more speciﬁc than the ICD
concept named ‘Benign neoplasm of skin, site unspeciﬁed’. Note
that there is no exact match between the names, but semanti-
cally the concept in SCT can be considered to be more speciﬁc
than the one of ICD. After evolution, the status of the SCT con-
cept changed to duplicated (i.e., it is no longer active), but a
new sibling concept named ‘Pleomorphic ﬁbroma (disorder)’ was
added. Analysing the content of the descriptions of the inactive
concept, we observe that there is one description describing
the concept as a ‘Pleomorphic ﬁbroma’ (a synonymous term of
the inactive concept). This description becomes the name of
the new sibling concept. The mapping of NB type is now linking
the new sibling concept with the same target concept of ICD.
This case also reveals a substitution of concepts but with a dif-
ferent label (using a synonymous term). As occurred in the other
cases, the associated mapping was transferred to the new sibling
concept while retaining the same type of semantic relation.Case 4. Before evolution, the SCT concept named ‘Chest deformity
(ﬁnding)’ was equivalent to the ICD concept named ‘Acquired
deformity of chest and rib’. There is no exact match between both
names, but there is some similarity. One description of the SCT
concept describe it as ‘Deformity of thorax’, which is a synonym
of the concept. After evolution, the status of the SCT concept
changed to ambiguous, but a new sibling concept named ‘Defor-
mity of thoracic structure (disorder)’ is added. The description of
the inactive concept has a high degree of similarity with the
name of the new sibling concept. Particularly in this case, the
mapping is transferred to the new sibling concept, and its
semantic relation is set to NB. Thus, ‘Chest deformity’ was consid-
ered to be equivalent to the ICD concept ‘Acquired deformity of
chest and rib’, but now the new concept ‘Deformity of thoracic
structure (disorder)’ is considered semantically more speciﬁc than
the ICD concept. This case shows that substitution between sib-
ling concepts did occur, but modiﬁcations in the name affect the
evolution of mappings. As in the other cases, the associated
mapping was transferred to the new sibling concept but with
a different semantic relation.6. Discussion
In this article we studied the impact of KOS evolution on map-
pings over time. We characterised this impact through correlations
between how the KOS evolved and the consequent changes in
mappings. The goal was to establish the basis for deﬁning an auto-
matic mechanism to keep mappings valid at KOS evolution time.
The correlations were studied using quantitative analyses of differ-
ent KOS entities focused on their atomic changes. Preliminary
qualitative analyses were performed to search for explanations
that could not be obtained in the former analyses. The experiments
conducted underline correlations between KOS evolution and
mapping evolution. Deﬁning these correlations more ﬁnely can
be essential to designing an adequate automatic mapping mainte-nance mechanism. The main research questions addressed in this
study are summarised in the following:
 Are automatic mapping maintenance tools really necessary?
Considering the number of changed mappings (cf. Table 1), we
observed that they were multiplied by three over a two-year
period. Human efforts required to update the mappings justify
having automatic tools. When analysing the frequency of each
MCO (cf. Table 2), we realised that addition and removal of
mappings are predominant. We were expecting to ﬁnd more
changes in the relation of mappings (like for C2).
 What type of semantic relation in mappings should we deeply
study?
The ﬁve different types of relations expressed in mappings
between SCT and ICD were the focus of this study (cf. Table 3
and Fig. 2). Relations of type OO and NB showed interesting
behaviour. The increasing number of added mappings of type
NB shows that SCT is becoming more precise than ICD which
could be concluded about the KOS evolution. In general, we
can evaluate the evolution of KOS (and the trends) by observing
the evolution of their mappings.
 What KOS changes are important to consider for mapping mainte-
nance?
The analysis of independent KOS changes shows the high fre-
quency of added concepts (cf. Table 2) which reﬂects the high
number of added mappings as a correlation evidenced in this
study. New concepts may mainly require a KOS alignment strat-
egy to establish new mappings. An addition of concepts (inde-
pendently analysed) is not in the principal focus of our
interest because mapping maintenance refers to keeping exist-
ing mappings up-to-date. However, even though other KOS
changes are less frequent, they can directly impact on existing
mappings as in the case of concept removal. KOS changes con-
cerning the attributes in general (e.g., concept’s status and
descriptions) are also relevant.
 Are there speciﬁc types of change in the source concept that can be
the main reason for speciﬁc changes in mapping?
The analysis of changes in the entities of the source concept (cf.
Tables 5 and 6) allows to conclude that mapping removal
mainly occurs when the status of concepts or their descriptions
changes to inactive. However, we did not observe any clear cor-
relation between changes in SCT entities and modiﬁcations in
the semantic relation of mappings between KOSs (i.e., Mt, Mr
andMt_r). The complexity of the maintenance process may force
a knowledge engineer to exclude this case.
 Can KOS changes on the relationships and neighbour concepts of
the concept source impact the mapping evolution?
Results from Tables 8 and 9 mainly reveal that Super and Sub
concepts have high and low impact on the mappings evolution
respectively. But, this difference can be justiﬁed by the ‘‘control
concepts’’, in which concepts are linked after having been
assigned an inactive status (i.e., the Super relationship is chan-
ged). The analysis of neighbour concepts shows a low impact on
the mapping evolution. However, in speciﬁc cases, we show a
correlation between KOS changes and mappings evolution.
 Can we identify a correlation if we analyse the combination of two
MCOs where the source concepts share a structural property?
In order to verify if, for example, one mapping was deleted
because another mapping was created (characterising a move
of mapping), we combined different MCOs and analysed if the
source concepts of each mapping share some structural prop-
erty (Table 10). This analysis indicated a potential correlation
between MCOs and KOS evolution.
In a more general way, the facts revealed by the results in the
MCO–MCO change analyses show that only considering simple
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information to determine the impacts that changes in KOS can
have on mappings. It has been shown that adapting mappings only
based solely on this information is insufﬁcient because it can con-
ceal potential interdependence between mappings change opera-
tions. Deeper analyses of this interdependence is necessary in
cases where KOS changes can be also represented as a composition
of atomic changes having a semantic meaning, e.g., a substitution,
merge or split of concepts. It could provide richer information so
mappings can be adapted adequately. Based on a preliminary qual-
itative analysis of the cases, we detected potential inﬂuence of
complex KOS changes, and a deeper qualitative study would shed
more light on this. Moreover, the four cases selected are real exam-
ples in which mapping removals and additions are combined into a
more complex procedure for adapting mappings in case of a KOS
complex change. The experiment mainly centred on concept sub-
stitution, but it is also possible to imagine other types of complex
KOS changes, such as the split and merge of concepts in which a set
of combined atomic MCOs might take place in a meaningful way
inﬂuenced by the underlying KOS change.
Further reﬁned correlations will require additional experiments
from a qualitative point of view, and different individual cases of
mapping evolution must be examined so conclusions can be
drawn. These might highlight other elements that must be taken
into consideration for understanding why mappings have changed.
Contextual information regarding KOS complex changes may have
varying inﬂuence on how changes occur in mappings. Consider, for
instance, the structural organisation of the concepts resulting from
a split change operation. Therefore, it is very important that further
information be obtained on the changes affecting concepts associ-
ated with mappings, and this issue remains to be further investi-
gated. Thus, a complementary study to the present investigation
could be envisaged to examine the inﬂuence of KOS complex
changes involving mappings’ source concept. This could further
our understanding of mapping evolution and how to best perform
it, and as automatically as possible. In addition to the results pro-
vided in this article, these contextual factors of KOS changes can be
key elements in the design of a solution capable of adequately han-
dling the adaptation of mappings over time.
Although this study was conducted considering only two KOSs,
there are evidences concerning the generalizability of the experi-
ments. Firstly, we explored the basic ontological and structural
properties of the SCT which is similar to many other biomedical
KOSs like NCI Thesaurus and Gene Ontology, for instance. Any fur-
ther formal or speciﬁc particularity of KOS is necessary to perform
the experiments. Secondly, SCT and ICD are underlined by different
KOS models and present signiﬁcant differences in terms of granu-
larity of the KOS which is very common in the KOSs of the biomed-
ical domain. In this sense, the designed experiments could be easily
carried out with other biomedical KOSs and the achieved results of
the this study contrasted against that.
7. Conclusion
Now more than ever, biomedical KOSs play a pivotal role in
allowing better organisation and exploration of the overwhelm-
ingly voluminous data available in this domain. Semantic map-
pings established between them are necessary and play a crucial
role in supporting various tasks in software applications. However,due to the rapid evolution of the biomedical KOSs, existing map-
pings become obsolete and unreliable over time. Hence, there is
a clear need to keep mappings up-to-date as automatically as pos-
sible as KOS’s evolve. Despite the practical beneﬁts of tackling such
problem, it continues to be a complex, ongoing research challenge,
and very few studies attempt to understand the correlations be-
tween changes affecting KOS entities and changes in associated
mappings. In this article we conducted a set of experimental anal-
yses observing ofﬁcial mappings between SCT and ICD in view of
understanding their evolution. Correlations were thus identiﬁed
which pave the way towards deﬁning an automatic mechanism
for semantic mapping evolution.
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